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Abstract Recent increases in resolution of coupled ocean-atmosphere models have the potential to
improve the representation of poleward heat transport within the climate system. Here we examine the
interplay betweenmodel resolution-dependent changes in Atlantic Ocean heat transport (AOHT) and surface
heat ﬂuxes. The different roles of changes in atmospheric and ocean resolution are isolated using three
different climate models (The Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate Model 2, Hadley
Centre Global Environmental Model 3 – Global Coupled conﬁguration 2, and European Community
Earth-System Model 3.1) and comparing runs in which (a) only the ocean resolution changes, (b) only the
atmosphere resolution changes, and (c) both change. Enhancing ocean resolution from eddy parameterized
to eddy permitting increases the AOHT throughout the basin, values changing from 1.0 to 1.2 PW at 26°N,
bringing the AOHT into the range of estimates from the RAPID observing array. This increase in AOHT is
associated with higher North Atlantic sea surface temperatures and increased ocean heat loss to the
atmosphere. Increasing the atmospheric resolution alone has little impact on the AOHT due to regionally
compensating changes in the components of the net heat ﬂux. Finally, in a fourth experiment the impact of
resolution changes in both components and the transition to an eddy-resolving ocean is assessed. This
additional resolution increase is accompanied by a further change in the AOHT and improves agreement with
observations in the tropics but not the subpolar regions. However, unlike with the increase to the
eddy-permitting ocean, when the greatest AOHT change occurs in the subtropics and subpolar region, the
most signiﬁcant increase now occurs in the tropics.
Plain Language Summary The ocean and atmosphere export large amounts of heat from the
tropics toward more poleward latitudes. In the Northern Hemisphere about 25% of this export is
accomplished by themovement of water in the Atlantic Ocean. It is therefore important for climate models to
accurately simulate this Atlantic Ocean heat transport (AOHT). However, historically climate models have
typically underestimated AOHT relative to our best observations. This paper investigates how changing the
size of the grid cells in the model changes both AOHT and the ocean-to-atmosphere exchange of heat in
the model. Reducing the size of the grid cells in the models is referred to as increasing the resolution.
Increasing the resolution of the ocean component of the model to 1/4° latitude and longitude increases
AOHT, making agreement with observations better in the subtropics but slightly worse in subpolar regions.
Increasing the resolution of the atmospheric part of the model had little effect on AOHT, instead bringing
changes to different parts of the ocean-to-atmosphere heat exchange that compensate each other. Finally,
we examined the AOHT in one of the newest climate models with even higher resolution (1/12° ocean and
25-km atmosphere). Additional improvements in the simulation of AOHT were found.
1. Introduction
The meridional Atlantic Ocean heat transport (hereafter AOHT) is a fundamental aspect of the climate system
that climate models have found difﬁcult to accurately represent. Observations show that the AOHT peaks at
about 1.25 (±0.36) PW (Johns et al., 2011; McCarthy et al., 2015) at 26°N, which represents about 20–25% of
estimates for the total (global ocean and atmosphere) export of heat from the tropics to the northern lati-
tudes (Trenberth & Caron, 2001). Large regional changes in ocean heat content have been attributed to
AOHT variability; for example, the strong Atlantic subpolar gyre warming of the mid-1990s (Grist et al.,
2010) although surface ﬂuxes can also play a signiﬁcant role (Grist et al., 2016; Josey et al., 2018). In addition,
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Atlantic Ocean temperatures have the potential to modulate both winter and summer European climate
(Buchan et al., 2014; Maidens et al., 2013; Pohlmann et al., 2006; Sutton & Hodson, 2005).
Historically, observational estimates of the AOHT were based on transatlantic hydrographic sections (Bryden
& Hall, 1980). By their nature, these observations were limited to speciﬁc times and latitudes. Since 2004,
continuous estimates have been made by the RAPID dedicated observing array at 26°N, near the latitude
of maximum northward transport (Cunningham et al., 2007; McCarthy et al., 2015). The array measurements
have demonstrated signiﬁcant seasonal variability in the Atlantic Meridional Overturning Circulation (AMOC)
and the AOHT with which it is highly correlated (Johns et al., 2011). The seasonal AMOC amplitude at 26°N is
greater than 6 Sv and can complicate the interpretation of earlier sporadic measurements; in particular, a
trend found from ﬁve repeat hydrographic sections over a period of order 40 years (Bryden et al., 2005) vir-
tually disappeared when the individual sections were corrected for their seasonal bias (Kanzow et al., 2010).
The midlatitudes and the subpolar gyre have also been the focus of attempts to produce continuous basin-
integrated estimates of AOHT. At 41°N, the vertical density structure determined from Argo ﬂoats has been
combined with satellite-based sea surface height estimates to produce monthly estimates of AOHT from
2002 onward (Hobbs & Willis, 2012). In addition, a section between Canada (53°N), Greenland (60°N), and
Scotland (56°N) occupied in 2014 and 2016 (Holliday et al., 2018) is now the focus of the dedicated observing
array of the Overturning in the Subpolar North Atlantic Program (OSNAP). OSNAP aims to provide subseasonal
estimates of ocean heat transport as one of its main objectives (Lozier et al., 2017).
Whereas the aforementioned observations are associated with estimates at speciﬁc sections, Trenberth and
Fasullo (2017) have detailed an observation-based method of producing continuous estimates of AOHT over
a range of latitudes. In their approach top-of-atmosphere radiation is combined with atmospheric reanalysis
to estimate surface heat ﬂuxes. The surface heat ﬂuxes were then combined with vertically integrated ocean
heat content to calculate AOHT as a residual. The resulting times series consists of monthly estimates from
2000 to 2014 between 30°S and 60°N. The estimates produced good temporal agreement with the 26°N
RAPID array, although the mean value was about 0.2 PW weaker.
Table 1
Details of Model Experiments Conducted in the Study
Experiment Model High resolution Low resolution
1. Ocean-only (HRo-LRo) present-day
forcing control run
CMCC CM2
(Fogli & Iovino, 2014)
Abbreviation: Abbreviation: LRo
HRo Atmosphere: Atmosphere:
192 × 288
(~100 × 140 km)
192 × 288
(~100 × 140 km)
Ocean: Ocean:
ORCA025 (1/4°) ORCA1 (1°)
Run length: 39 years Run length: 300 years
2. Atmosphere only (HRa-LRa)
present-day forcing control run
HadGEM3 GC2.0
(Williams et al., 2015)
Abbreviation: HRa Abbreviation: LRa
Atmosphere: Atmosphere:
N512 (~25 km) N96 (~135 km)
Ocean: Ocean:
ORCA025 (1/4°) ORCA025 (1/4°)
Run length: 97 years Run length: 99 years
3. Atmosphere and ocean
(HRoa-LRoa) historical forcing
from 1950 (LRoa) and 1990 (HRoa)
EC EARTH 3.1
(Hazeleger et al., 2012,
Sterl et al., 2012)
Abbreviation: HRoa Abbreviation: LRoa
Atmosphere: Atmosphere:
T511 (~40 km) T255 (~80 km)
Ocean: Ocean: ORCA1 (1°)
ORCA025 (1/4°) Run length: 60 years
Run length: 25 years
4. CMIP6 (VHRoa-HRoa2) HadGEM3 GC2.1
(Hewitt et al., 2016)
Abbreviation: VHRoa Abbreviation: HRoa2
Atmosphere: Atmosphere:
N512 (~25 km) N216 (~60 km)
Ocean: Ocean:
ORCA12 (1/12°) ORCA025 (1/4°)
Run length: 20 years Run length: 20 years
Note. CMIP = Coupled Model Intercomparison Project Phase 6.
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Despite the climatic importance of the Atlantic heat transport and the sig-
niﬁcant recent progress in characterizing its mean and variability in space
and time, it is still poorly reproduced in climate models that generally
underestimate its magnitude (Jia, 2003; Msadek et al., 2013). However,
recently, as the model resolution has increased, the modeled AOHT has
reached better agreement with observations (Kirtman et al., 2012;
Roberts et al., 2016). An important climate impact of a change in model
AOHT (or more speciﬁcally the meridional convergence of AOHT), whether
it arises from a resolution change or another process, is that it is accompa-
nied by a change in the net air-sea heat ﬂux. At present, the mechanisms
linking the AOHT and surface ﬂux changes (in particular which compo-
nents of the heat ﬂux change and in what regions) are not well under-
stood. For example, Roberts et al. (2016) compared a high-resolution
(25-km atmosphere, 1/12° eddy-resolving ocean) to a lower-resolution
(60-km atmosphere, 1/4° eddy-permitting ocean) conﬁguration of Hadley
Centre Global Environmental Model 3 – Global Coupled conﬁguration
2.1, (HadGEM3-GC2.1). They found a signiﬁcant increase in midlatitude
latent heat loss from the ocean that was associated with an increase in
sea surface temperature (SST). In an earlier study, Kirtman et al. (2012)
investigated the impact of small-scale oceanic features on the modeled
large-scale climate, comparing versions of the National Center for
Atmospheric Research Community Climate System Model 3.5, having the
same resolution in the atmosphere (0.625° × 0.5°) but changing from eddy
permitting to eddy resolving in the ocean. They also found the higher-
resolution model had greater global ocean heat transport and higher
SSTs in regions of strong eddy activity. However, in their analysis changes
in shortwave radiation were a particularly important component of the
changes in the surface heat ﬂux. Thus, the resolution-dependent mechan-
isms by which the ocean heat transport and air-sea energy exchanges are
linked remain to be robustly determined.
In order to improve our understanding of the impact of increased resolu-
tion in both atmospheric and ocean components on AOHT and the link
to surface heat ﬂux processes, we analyze experiments with three different
climate models that have been run at varying resolutions (full model
details are given in section 2). In the ﬁrst experiment, with the The
Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate Model 2
(CMCC CM2) the 1° atmosphere resolution is held constant and coupled
to different ocean meshes, an eddy-parameterizing (ORCA1, 1°) and an
Figure 1. Annual mean zonally integrated meridional Atlantic Ocean heat
transport (unit: PW) for experiments (a) 1, (b) 2, (c) 3, and (d) 4. Red lines
indicate higher resolution. Blue lines indicate lower resolution. Shading
indicates interannual standard deviations. Black error bars indicate observa-
tional estimates from hydrographic sections Holliday et al. (2018; 2014 and
2016 estimates near 56°N), Lavin et al. (1998; 26°N), Klein et al. (1995; 14°N),
Klein et al. (1995; 8°N), Speer et al. (1996; 11°S), and Holfort and Siedler (2001;
30°S). (a) HRo and LRo, (b) HRa and LRa, (c) HRoa and LRoa, and (d) VHRoa and
HRoa2. The cyan crosses indicate latitudes where the model Atlantic Ocean
heat transport values do not fall within each other’s standard deviations.
Figure 2. HRo-LRo difference in (a) annual mean AOHT (PW) and (b) zonally integrated net surface heat ﬂux for the Atlantic
basin (unit: W per degree latitude). AOHT = Atlantic Ocean heat transport.
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eddy permitting (ORCA025, 1/4°) conﬁguration. In the second experiment,
the climate model is HadGEM3 GC2.0 and has an eddy-permitting ocean
(ORCA025, 1/4°) that is unchanged but an atmosphere that increases reso-
lution from 130 to 25 km. In the third experiment, with European
Community Earth-System Model 3.1 (EC-EARTH 3.1), there are increases
in both the atmosphere (from 80 to 40 km) and ocean (from non eddy-
permitting, ORCA1 to eddy permitting, ORCA025) resolutions. Although
the three models used are a small cross section of Intergovernmental
Panel on Climate Change (IPCC) class models, the experiment design allows
us to both isolate and combine, the role of ocean and atmospheric resolu-
tions. The approach also allows us to develop a framework for understand-
ing the impact of resolution changes in current and future versions of
climate models. To this end, we also examine a pair of short runs from a
model developed for the forthcoming High Resolution Intercomparison
Project (Haarsma et al., 2016) in the framework of the Coupled Model
Intercomparison Project Phase 6 (CMIP6) exercise in which the ocean reso-
lution is further increased to explicitly resolve eddies in most of the global
basin and the atmosphere resolution increases up to 25 km.
The structure of this paper is as follows. In section 2, we describe the
experimental design and climate models used for the analysis. In
section 3, the results from the three pairs of noneddy-permitting and
eddy-permitting models are presented in turn. Then in section 4, results
of the change from the eddy-permitting to eddy-resolving model are
presented. In the ﬁnal section, we develop a conceptual framework for
the resolution-dependent changes in AOHT and surface heat ﬂuxes and
summarize the key results.
2. Models and Methods
Numerical experiments based on three global coupled ocean-atmosphere
model experiments are reported here. The experiments consist of pairs of
runs within which the model remains the same, but the resolution for (a)
ocean only, (b) atmosphere only, and (c) both atmosphere and ocean is
changed. A summary of the model runs that make up these experiments
is included in Table 1. All these models are global coupled climate
General Circulation Models (including the atmosphere, ocean, and sea
ice components). They all share the Nucleus for European Modelling of
the Ocean (NEMO) ocean model (Madec, 2008) in either the ORCA1 or
ORCA025 conﬁguration. These conﬁgurations have resolutions of 1° and
1/4°, respectively at the equator, with meshes that become ﬁner at
higher latitudes.
Experiment 1, which is referred to as the ocean-only case, uses the
CMCC-CM2 model (Fogli & Iovino, 2014) with unchanged atmospheric
resolution of 0.94° latitude by 1.25° longitude and two different resolutions
of the tripolar ocean meshes: the low-resolution (LRo) conﬁguration corre-
sponds to a 1° horizontal resolution (ORCA1, with a tropical reﬁnement of
the meridional spacing down to a ~1/3°) and the high-resolution version
(HRo) to a 1/4° conﬁguration (ORCA025). Both LRo and HRo are initiated
from the end state of an over 100-year simulation of the LRo. For LRo addi-
tional spin-up is included in the averaging period/run length (Table 1),
while HRo had a multidecade spin-up. For experiment 2, which is referred
to as the atmosphere-only case, we use the HadGEM3 GC2.0 model
(Williams et al., 2015) with the low-resolution (LRa) being an N96
(approximately 135 km) atmosphere and a 1/4° ocean (ORCA025) and
Figure 3. Annual mean HRo-LRo difference in the zonally integrated surface
heat ﬂux components for the Atlantic basin (unit: W per degree latitude):
(a) sensible heat ﬂux, (b) latent heat ﬂux, (c) shortwave, and (d) longwave.
Gray lines indicate ± the LRo interannual standard deviation.
Figure 4. (a) Annual mean HRo-LRo difference in zonally integrated SST for
the Atlantic basin (°C). Annual mean HRo-LRo difference for (b) SST (°C).
(c) Air-sea latent heat ﬂux (W/m2). (d) Air-sea sensible heat ﬂux (W/m2). Gray
and black contours are one and two standard deviations of LRo, respectively.
SST = sea surface temperature.
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the high-resolution version (HRa) being an N512 (approximately 25 km)
atmosphere with the same 1/4° ocean (ORCA025). The models are initiated
from the EN3 (Ingleby & Huddleston, 2007) observational temperature-
salinity climatology and with constant present-day (year 2000) green-
house forcing. The spin-up is included in the averaging period/run length
(Table 1). As indicated in Williams et al. (2017), the model surface climatol-
ogy takes around 30 years to reach a pseudo-equilibrium, with a top-of-
atmosphere radiative imbalance of about 0.6 W/m2, which is consistent
with present-day forcing. The adjustment timescale for the deeper ocean
is clearly longer, with the largest global-mean ocean temperature drift
(0.11 K/decade1) occurring at 563 m. However, the HRa minus LRa AOHT
difference remains stable over the course of the run, indicating that both
models adjust in similar ways.
Experiment 3, which is referred to as the ocean-atmosphere case, uses the
Climate Model EC-EARTH3.1 with the low-resolution (LRoa) being a T255
(~80 km) atmosphere (91 Levels) and a 1° ocean (ORCA1), and the high-
resolution version (HRoa) is T511 (~40 km) atmosphere (91 Levels) and
1/4° ocean (ORCA025). EC-Earth3.1 is a successor of the CMIP5 version,
EC-Earth2.3 (Hazeleger et al., 2012; Sterl et al., 2012), and uses updated
versions of its atmosphere (Integrated Forecasting System-IFS, cycle36r4)
and ocean (NEMO3.3.1), as used by Koenigk and Brodeau (2017). The
LRoa simulation started from an EC-Earth3.01 historical simulation in
1950. This historical simulation with EC-Earth3.01 used CMIP5-forcing
and started from a 500-year Pre Industrial-control simulation. EC-Earth31
differs from EC-Earth3.01 mainly in technical updates, in the resolving of a few bugs, particularly in the output
of sea ice variables and in a slight update of the ORCA1 ocean bathymetry. For HRoa a 44-year spin-up has
been performed with constant averaged 1955–1965 forcing. The historical high-resolution simulation started
from this spin-up using CMIP5 forcing in 1960. In this study, the later part of this simulation, 1990–2015, is
used as HRoa.
The experiments are analyzed by examining the differences between the high- and low-resolution conﬁgura-
tions in key mean quantities such as heat transport, heat ﬂux components, SST, air temperature, and wind
speed. Unless otherwise noted, high resolution-low resolution difference will be referred to as signiﬁcant if
the difference exceeds the interannual standard deviation of the low-resolution run. On spatial maps multi-
ples of the standards deviations are plotted as contours. The goal of the approach is to identify the relative
sensitivity of the AOHT changes to ocean and atmospheric resolution and to establish the key surface ﬂux
processes that balance these changes.
We then examine AOHT and surface ﬂux changes in a model conﬁguration with even ﬁner resolution, to
consider if the same ﬁndings are likely to hold as climate model resolution moves beyond that which will
be typical of the CMIP6 exercise. Speciﬁcally in Experiment 4, a version of HadGEM3-GC2.1 (Hewitt et al.,
2016) with an N512 atmosphere and a 1/12° (ORCA12) eddy-resolving
ocean (referred to as VHRoa) is compared with a lower-resolution version
that has an N216 atmosphere and a 1/4° (ORCA025) ocean (referred to
as HRoa2). The initial conditions and forcing are the same as used for
HadGEM3-GC2.0. These simulation are only 20 years in length and hence
not yet in near-surface quasi-equilibrium. However, as shown in Roberts
et al. (2016) the VHRoa model mean state is outside the variability from a
longer HadGEM3-GC2 simulation, and the top-of-atmosphere ﬂux balance
was little changed between HadGEM3-GC2.0 and HadGEM3-GC2.1. In
addition, more recent coupled HadGEM3-GC3.1 N216-ORCA12 simulations
following the High Resolution Intercomparison Project experimental
design (Haarsma et al., 2016) of 150 years in length indicate that the
AOHT remains fairly stable after 20–30 years of spin-up. Finally, we note
that the ocean resolution of HRoa2 in Experiment 4 is comparable to
Figure 5. Annual mean HRo-LRo difference: (a) ocean surface air tempera-
ture (°C), (b) ocean surface wind speed (m/s), and (c) TOA outgoing short-
wave radiation (W/m2) over the ocean. Gray and black contours are one and
two standard deviations of LRo, respectively. TOA = top of atmosphere.
Figure 6. HRa-LRa difference in (a) annual mean AOHT (PW) and (b) zonally
integrated net heat ﬂux for the Atlantic basin (unit: W per degree latitude).
AOHT = Atlantic Ocean heat transport.
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that in higher-resolution runs in Experiments 1–3 and the atmospheric
resolution is comparable with that in Experiments 2 and 3.
3. Model Results: 1° to 1/4° Ocean
3.1. Experiment 1: Ocean-Only Resolution Changing
We ﬁrst examine the ocean-only case using the CMCC simulations. The
AOHT for both the HRo and the LRo cases is displayed as a function of lati-
tude in Figure 1a, while the HRo-LRo AOHT difference is in Figure 2a. The
HRo has increased AOHT throughout the Atlantic basin relative to the
LRo version. Between 20°N and 62°N the difference is greater than
0.1 PW, with a peak 0.3 PW difference at 38°N. This difference increases
notably between 20°N and 38°N, declines markedly between approxi-
mately 38°N and 50°N, then increases slightly between 50°N and 60°N,
before declining again further north. The sense of these changes is that
it brings the model AOHT into closer agreement with observations in the
North Atlantic subtropics but further away from observations in the subpo-
lar regions. In the Southern Hemisphere the HRo-LRo difference is positive
north of 25°S but less than 0.1 PW.
The HRo-LRo difference in the zonally integrated net heat ﬂux (Figure 2b,
using the convention that positive values represent heat ﬂux into the
ocean) presents a more complex change with latitudes. However, a key
feature is the increase in ocean heat loss between 38°N and 50°N, with a
smaller increase in heat gain between 50°N and 60°N, and a further loss north of 60°N. These features,
together with the increase in heat gain between 20°N and 38°N, are consistent with the features in the
AOHT difference (Figure 2a). Note that a priori the latitude-integrated changes in surface heat ﬂux would
not be expected to exactly match the difference in diagnosed AOHT as the model may contain variations
in the ocean heat storage terms (i.e., which might result from the model not being in thermal equilibrium).
However, the small temporal variability of the AOHT in each model indicates that the ocean heat content
changes were also small. For example, the CMCC LRo run has AOHT values at 26°N of 0.97 PW (with an annual
standard deviation of 0.07 PW) for years 1–150 and 1.00 PW (with an annual standard deviation of 0.07 PW)
for years 151–300. The stable values of AOHT are consistent with the good agreement between the patterns
in Figures 2a and 2b and indicate that variations in ocean heat storage are small. We will now consider in
more detail the individual ﬂux components.
The zonally integrated components of the net heat for HRo-LRo are shown in Figure 3. In the sign convention
used here, a positive heat ﬂux acts to warm the ocean. Thus, latent heat ﬂux is predominantly negative
(cooling the ocean) and shortwave is positive (warming the ocean).
A large part of the net heat ﬂux difference is distinctly associated with
changes in the latent heat ﬂux (Figure 3b). Concentrating on the
latitude bands where there are signiﬁcant HRo-LRo differences, it is
noted that there is generally a signiﬁcant decrease in ocean latent
heat loss between 15°N and 38°N and some signiﬁcant increases in
latent heat loss between 10°S and 10°N and between 38°N and
52°N. In this latter region, the increased loss is supported by a
signiﬁcant increased loss from the ﬂux of longwave radiation
(Figure 3d). There is a signiﬁcant increase in incoming shortwave
radiation (~3.0–5.0 × 1012 W) between the equator and 10°N and
between 30°N and 50°N. There is also a reduction in incoming
shortwave radiation near 60°N as well as some spikes of reduced
shortwave near 10°N and 20°N. These spikes in reduced shortwave
appear to be reﬂected in spikes in reduced ﬂux of latent heat to the
atmosphere (Figure 3b).
Figure 7. Annual mean HRa-LRa difference in the zonally integrated heat
ﬂux components for the Atlantic basin (unit: W per degree latitude): (a) sen-
sible heat ﬂux, (b) latent heat ﬂux, (c) shortwave, and (d) longwave. Gray lines
indicate ± the LRa interannual standard deviation.
Figure 8. (a) Annual mean HRa-LRa difference in zonally integrated SST for the
Atlantic basin (°C) and (b) annual mean HRa-LRa SST (°C) difference. Gray and
black contours are one and two standard deviations of LRa, respectively. SST = sea
surface temperature.
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Summarizing the effect of enhanced resolution in the ocean-only case, it is noted ﬁrst that higher resolution
results in a signiﬁcant increase in AOHT; in particular, between 20°N and 62°N the difference is greater than
0.1 PW, which is a signiﬁcant fraction of the total. The AOHT difference broadly rises between 20°N and 38°N
(peaking at 0.3 PW) and reduces further to the north. These differences are closely in line with expectations
from the differences in the net ocean-atmosphere heat ﬂux differences. In turn, the accompanying changes
in the net heat ﬂux terms are dominated by changes in latent heat ﬂux and modulated somewhat by
shortwave changes.
The zonally integratedHRo-LRo SST difference is plotted in Figure 4a. It
shows an increase in SST (>1 °C) between 50°N and 62°N. The spatial
pattern of higher SST is consistent with increased latent, sensible,
and longwave loss to the atmosphere (Figure 4b). The SST increase
in the North Atlantic (Figure 4b) is particularly pronounced on thewes-
tern side of the subpolar gyre. This increase has twomain centers: one,
at 50°N and 20°W, is consistent with a stronger eastward extension of
the North Atlantic Current (NAC) and the second, adjacent to the
Labrador and Greenland Coast, is likely related to a reduction in
Arctic sea ice exposing the warmer underlying ocean surface.
Detailed analysis, beyond the scope of this study, is required to
fully identify and separate the effects of these two processes.
Furthermore, there is an area near 55°N characterized by a slight reduc-
tion in SST. This is consistent with a reduction in latent and sensible
heat loss to the atmosphere in the same region (Figures 4c and 4d).
We now consider in Figure 5 changes in the atmospheric ﬁelds with a
focus on the Atlantic Sector. First, the change in surface air
Figure 9. Annual mean HRa-LRa difference: (a) ocean surface air temperature (°C), (b) ocean surface wind speed (m/s), and
(c) TOA outgoing shortwave radiation over the ocean (W/m2). Gray and black contours are one and two standard deviations
of LRa, respectively. TOA = top of atmosphere.
Table 2
Annual Mean (and Standard Deviation) of the 26°N AOHT (PW) by Ocean and
Atmosphere Resolution for All the Model Integrations
Atmosphere
resolution
Ocean resolution
1° 1/4° 1/12°
100 × 140 km (LRo) 0.98 (±0.07)
80 km (LRoa) 0.92 (±0.05)
100 × 140 km (HRo) 1.20 (±0.14)
135 km (LRa) 0.92(±0.08)
60 km (HRoa2) 0.94 (0.09)
40 km (HRoa) 1.16 (±0.06)
25 km (HRa) 0.95 (±0.08)
25 km (VHRoa) 1.06 (±0.11)
Note. AOHT = Atlantic Ocean heat transport.
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temperature shows warming over the subpolar North Atlantic Ocean.
This difference is consistent with increased ocean heat loss warming
the atmosphere as opposed to the atmospheric changes inﬂuencing
the ocean (Figure 5a). However, because of the coupled nature of sur-
face ﬂux processes, it cannot be ruled out that some of the ocean-
initiated changes in the atmosphere feed back on to the ocean. For
example, the signiﬁcant changes in surface wind over the North
Atlantic subpolar gyre (Figure 5b) are in the correct sense to promote
the changes in turbulent ﬂuxes seen in Figures 4c and 4d. Speciﬁcally,
the increased wind speed on the western perimeter of the Labrador
Sea would have promoted the increased sensible and latent heat loss.
Another example of changes in the surface wind potentially inﬂuen-
cing the turbulent ﬂuxes is in the central subpolar gyre. As mentioned
previously the central subpolar gyre is characterized by a weak
decrease in SST and a strong decrease in turbulent ﬂuxes. Figure 5b
also shows that this is an area of decreased wind speed, promoting
the decrease in turbulent ﬂuxes. The exact coupled mechanism whereby a change in the ocean transport
could lead to a decrease in wind speed that effectively suppresses the turbulent heat loss is not clear,
although it is possible that a more northerly ice edge in the high heat transport run could lead to a northward
shift of the surface temperature gradients. Finally, in terms of atmospheric changes in the ocean-only case,
we consider the changes in outward shortwave radiation at the top of the atmosphere (TOA) in Figure 5c.
There are signiﬁcant reductions in cloud cover in the eastern midlatitude Atlantic and over the western
Labrador Sea, so that less shortwave is reﬂected outward in these regions. There are also local differences
in the Caribbean Sea and off the West African Coast. These lead to the short spatial scale variability seen in
the zonally integrated shortwave plots (Figure 3). Again, the fact that there are signiﬁcant changes in this
atmospheric ﬁeld suggests that changes in ocean resolution are causing important changes to the atmo-
spheric circulation and properties.
Summarizing the ocean-only case, it is evident that increasing the resolution from LRo to HRo implies a
signiﬁcant increase in northward ocean heat transport in the North Atlantic. This is balanced primarily by
an increase in mid-high latitude latent heat loss. The increased latent heat loss is driven by the ocean resolu-
tion change, being associated with increased SSTs and reduced sea ice coverage.
3.2. Experiment 2: Atmospheric-Only Resolution Changing
We now consider the atmosphere-only case using HadGEM3-GC2 models with a higher-resolution grid only
in the atmospheric component. The AOHT for both high (HRa) and low (LRa) resolution is shown in Figure 1b,
and the HRa-LRa difference is shown in Figure 6a. The change in atmospheric resolution does not bring about
a signiﬁcant change in the AOHT, implying that it is the increase in ocean resolution to at least 1/4° that is
most important to improve the AOHT compared with observation-based estimates (see Figure 1a). The rela-
tively small (<0.1 PW) changes in AOHT in Figure 6a are reﬂected in values of the HRa-LRa zonally integrated
net heat ﬂux that ﬂuctuate around zero by small (<0.7 × 1013 W per degree latitude) amounts (Figure 6b).
The relatively small changes in net heat ﬂux disguise the fact that there are
signiﬁcant changes in the latent and shortwave individual components
that compensate each other. The zonally integrated values for the four
components of the heat ﬂux are shown in Figure 7 and present a signiﬁ-
cant increase in ocean latent heat loss (>~0.2 × 1013 W per degree lati-
tude) between 10°S and 45°N (Figure 7b). There is also an increase in
shortwave ﬂux into the ocean at all latitudes north of 8°S with the excep-
tion of a small subregion between 5°N and 25°N (Figure 7c).
We now examine the ﬁelds that could drive changes in the component
ﬂuxes in Figure 8. The HRa-LRa SST is typically 0.5–1.0 °C warmer than
LRa over most of the Atlantic Ocean (Figures 8a and 8b), the notable
exception being the Benguela upwelling region adjacent to the west coast
of Southern Africa, which is markedly (up to 5 °C) cooler in HRa. The
Table 3
Annual Mean (and Standard Deviation) of the 40°N AOHT (PW) by Ocean and
Atmosphere Resolution for All the Model Integrations
Atmosphere
resolution
Ocean resolution
1° 1/4° 1/12°
100 × 140 km (LRo) 0.59 (±0.07)
80 km (LRoa) 0.55 (±0.04)
100 × 140 km (HRo) 0.82 (±0.11)
135 km (LRa) 0.60 (±0.06)
60 km (HRoa2) 0.72 (±0.07)
40 km (HRoa) 0.80 (±0.05)
25 km (HRa) 0.63 (±0.06)
25 km (VHRoa) 0.77 (±0.07)
Note. AOHT = Atlantic Ocean heat transport.
Figure 10. HRoa-LRoa difference in (a) annual mean AOHT (PW) and (b) zon-
ally integrated net surface heat ﬂux for the Atlantic basin (unit: W per degree
latitude). AOHT = Atlantic Ocean heat transport.
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increase in North Atlantic SST is consistent with the increase in latent heat
ﬂux loss seen in Figure 7b. The HRa-LRa surface air temperature (Figure 9a)
has the same sign and a similar spatial pattern to the SST changes implying
that the two are strongly coupled. The sign of this change is consistent
with an increased SST increasing the heat loss to the lower atmosphere
but not with atmospheric temperature driving more heat loss (which
would require lower surface air temperatures). There are, however, some
indications that the higher-resolution model has stronger wind speeds
(Figure 9b). In particular, the increased wind speeds in the Equatorial
Atlantic would have led to the stronger latent heat loss there, in the
absence of a strong SST increase (Figure 8). There are also signiﬁcant
increases in wind speed in high-latitude regions that may be related to
changes in sea ice extent. Finally, there is a widespread reduction in TOA
outgoing shortwave radiation (Figure 9c), which equates to a reduction
in cloud cover and an increase in the shortwave reaching the Earth’s sur-
face. However, the regions where this is signiﬁcant are mainly equatorial.
The region where there is the most signiﬁcant increase in outgoing TOA
shortwave (and a decrease in shortwave reaching the surface) is the
Benguela upwelling region. This decrease in surface shortwave is consis-
tent with lower SSTs and latent heat loss. The decreased shortwave at
the surface may be associated with an improved representation of the
stratocumulus clouds over the upwelling regions arising from the
higher-resolution atmosphere. This and other potential causes of this large
regional SST bias are the subject of ongoing research (see, e.g., the review
by Richter, 2015).
It is noted that this study contains ﬁve model integrations where the atmospheric resolution varies between
~100 × 140 km and 25 km but in which the ocean resolution is constant at 1/4°. Tables 2 and 3 show how the
heat transport at 26°N and 40°N varies across these model runs. It can be seen, for both 26°N and 40°N, that
the 1/4° ocean integrations have a considerable range of AOHT. At 26.5°N, the 1/4° ocean AOHT ranges from
0.92 (±0.08) PW (for HRo 100 × 140-km atmosphere) to 1.20 (±0.14) PW (for LRa 135-km atmosphere) and at
40°N it ranges from 0.60 (±0.06) PW (for LRa 135-km atmosphere) to 0.82 (±0.11) PW (for HRo 100 × 140-km
atmosphere). However, the change in AOHT across those ﬁve model runs has no correspondence with the
change in atmospheric resolution, supporting our conclusions as to the relative insensitivity of AOHT to
the resolution of the atmosphere.
Summarizing the changes in the atmosphere-only case, there are evident changes in the shortwave and
latent heat components of the surface heat ﬂux. The difference between the atmosphere-only case and
the ocean-only case is that these changes are largely balanced locally, eliminating the requirement for signif-
icant changes in AOHT. So, for example, in the case of the two resolutions
of HadGEM3-GC2.0 runs, resolution-dependent decreases (increases) in
cloud cover increase (decrease) the shortwave received at the ocean sur-
face resulting in both higher (lower) SSTs and greater (less) ﬂux of latent
heat to the atmosphere.
3.3. Experiment 3: Atmosphere and Ocean Resolution Changing
Now we examine the case where both the ocean and atmospheric resolu-
tion increase in the EC-Earth model. The mean AOHT for HRoa and LRoa is
shown in Figure 1c, and the HRoa-LRoa AOHT difference is shown in
Figure 10a. HRoa has increased northward AOHT throughout the Atlantic
basin. Between 25°N and 50°N, the difference is greater than 0.2 PW, with
two peaks of 0.3 PW difference located at 32°N and 42°N. At the northern
end of the basin (65°N) HRoa transport is still greater than LRoa by 0.1 PW.
The increase in model AOHT brings it into closer agreement with observa-
tions in the North Atlantic subtropics but further away from observations
Figure 11. Annual mean HRoa-LRoa difference in the zonally integrated
heat ﬂux components for the Atlantic basin (unit: W per degree latitude):
(a) sensible heat ﬂux, (b) latent heat ﬂux, (c) shortwave, and (d) longwave.
Gray lines indicate ± the LRoa interannual standard deviation.
Figure 12. (a) Annual mean HRoa-LRoa difference in zonally integrated SST
for the Atlantic basin (°C). Annual mean HRoa-LRoa SST difference (°C).
Gray and black contours are one and two standard deviations of LRoa,
respectively. SST = sea surface temperature.
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in the subpolar regions. This result indicates that even with the improve-
ments to AOHT that increased resolution brings, the divergence in AOHT
between 26°N and 56°N is still less than implied from hydrographic obser-
vations. The implication is also that in this part of the North Atlantic the
model is not losing sufﬁcient heat to the atmosphere. We note that this
is often the case for a range of surface ﬂux products as well (Grist &
Josey, 2003). In the Southern Hemisphere the HRoa-LRoa difference is
positive but less than 0.1 PW. To ﬁrst order, these differences are quite
similar to those in the ocean-only case; Figure 2a.
Figure 10b shows HRoa-LRoa zonally integrated net surface heat ﬂux.
Broadly speaking, the HRoa-LRoa difference can be divided into two
regions. North of 42°N (with the exception of small region near 53°N),
where HRoa has enhanced ocean heat loss, and south of 42°N (with the
exceptions of small regions at 39°N and 11°S), where HRoa has enhanced
ocean heat gain. In order to satisfy energy conservation, in the absence of
strong variations in ocean heat storage, the increased tropical-subtropical
(0–40°N approximately) heat gain in Figure 10b must be compensated by
the increased poleward ocean export of tropical-subtropical heat
(Figure 10a). In turn, the decreased heat gain (or increased loss) between
40°N and 60°N is consistent with the poleward decreasing heat transports
here. However, the simple pattern of positive at low latitudes and negative
at high northern latitudes in the HRoa-LRoa surface heat ﬂux difference is
complicated somewhat by short space-scale variability.
In order to further understand both the broad pattern of southern heat gain/increased northern heat loss in
the North Atlantic and the small-scale variability, the changes in the different components of the net heat ﬂux
are examined and shown in Figure 11. It is evident that most of the resolution-dependent difference in the
net heat ﬂux in the extratropical North Atlantic is primarily associated with changes in the latent heat ﬂux
(Figure 11b). This is reinforced by changes in longwave radiation that are about one third of the size of the
latent heat changes but acting in the same sense. In the North Atlantic, the increased heat loss from latent
heat and longwave is partially compensated by a large increase in incoming shortwave radiation. Over most
of the length of the basin, there are increases in incoming shortwave, with consistently large increases occur-
ring north of 30°N. This is similar to the atmosphere-only case (Figure 7) but does not agree well with the
ocean-only case (Figure 3).
Summarizing the atmosphere-ocean case to this point, it is noted ﬁrst that there is a signiﬁcant increase
in AOHT, which is higher particularly between 20°N and 42°N, before decreasing further to the
north and that this is balanced by increases in surface net heat ﬂux into (out of) the ocean to the south
(north) of 42°N. Further, the changes in net ﬂux are primarily made up of increased ocean heat loss via
latent heat and longwave in the subpolar gyre and increased shortwave
ﬂux into the ocean over the length of the basin.
Having established the nature of the changes in ocean heat transport and
surface heat ﬂux changes for the ocean-atmosphere case, we now exam-
ine changes in surface ﬁelds that may be associated with these changes.
The zonally integrated HRoa-LRoa SST difference is plotted in Figure 12a.
It shows an increase in SST with resolution (>1 °C and typically 2 °C) north
of 44°N. The higher SST is consistent with ocean changes driving increased
latent, sensible, and longwave loss to the atmosphere. These changes to
SST are similar to (but stronger than) those in the ocean-only case in
Figure 4 (HRo minus LRo). As was the case with HRo minus LRo, the spatial
pattern of SST increase (Figure 12b) in the North Atlantic includes the
region adjacent to the Labrador and Greenland Coast, likely related to a
reduction in sea ice, and a region further to the east (50°N, 20°W) consis-
tent with a stronger eastward extension of the North Atlantic Current.
Figure 13. Annual mean HRoa-LRoa difference: (a) ocean surface air tem-
perature (°C), (b) ocean surface wind speed (m/s), and (c) TOA outgoing
shortwave radiation over the ocean (W/m2). Gray and black contours are one
and two standard deviations of LRoa, respectively. TOA = top of atmosphere.
Figure 14. VHRoa-HRoa2 difference in (a) annual mean AOHT (PW) and
(b) zonally integrated net surface heat ﬂux (black line), latent heat ﬂux (green
line), and shortwave ﬂux (blue line) for the Atlantic basin (unit: W per
degree latitude). AOHT = Atlantic Ocean heat transport.
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Conﬁrmation that the large HRoa-LRoa change in North Atlantic surface
ﬂuxes was not primarily instigated by atmospheric changes is now pre-
sented. Speciﬁcally, Figure 13a shows that the large positive SST anomalies
are accompanied by positive surface air temperature anomalies. This
change in air temperature is in the opposite sense to that which would
promote the enhanced latent and longwave loss seen in Figures 11b
and 11d. Similarly, there are no changes in the wind speed in the region
(Figure 13b) that would have promoted an increase in heat loss from the
sensible or latent heat terms (Figures 11a and 11b). This is a similar situa-
tion to the ocean-only case (Figure 5b). In the tropics, however, there is a
signiﬁcant decrease in the surface wind. Speciﬁcally, in the western half
of the Atlantic between 10°N and 20°N, a decrease in wind speed could
have supported the reduction in latent heat loss at these latitudes seen in
Figure 11b.
The ﬁnal atmospheric ﬁeld that we consider changes in is the cloud cover.
As a proxy for this we use the TOA outgoing shortwave radiation, since
high values indicate more clouds reﬂecting shortwave and low values
more shortwave reaching the surface through reduced cloud cover
(Figure 13c). The most signiﬁcant difference is a reduction in cloud cover
in the subpolar gyre and in Bafﬁn Bay, although the reduction is evident
over most of the basin. Again, this is consistent with the increase in short-
wave radiation noted over most of the basin in Figure 11c.
To summarize the changes associated with moving from LRoa to HRoa, it is
evident that there is a signiﬁcant increase in northward ocean heat transport in the North Atlantic. This is
balanced primarily by an increase in mid-high latitude latent heat loss. The increased latent heat loss is asso-
ciated with increased SSTs (and probably reduced sea-ice coverage) and is driven by the ocean resolution
change as opposed the atmospheric resolution change (i.e., since it would require a decreased surface air
temperature/speciﬁc humidity for the atmosphere to promote increased latent and sensible heat ﬂux rather
than the increased surface temperature in Figure 13a). The increased atmospheric resolution was associated,
however, with a reduction in cloud cover and increased incoming solar radiation which partially compen-
sated the increased latent heat loss.
4. Experiment 4: CMIP6 Models, Increasing the Resolution to 1/12° Ocean and
25-km Atmosphere
Thus far, we have considered changes accompanying (ocean) model resolution increases from ~1° to 1/4°,
with an atmosphere resolution of up to 25 km. We now brieﬂy examine the change in AOHT that occurs with
a change of resolution that may be typical of future/CMIP6 climate models. Speciﬁcally, we compare the High
Resolution (HRoa2) HadGEM3 GC2.1 with an N216 atmosphere and the 1/4° eddy-permitting (ORCA025)
ocean with the Very High Resolution (VHRoa) version with the N512 atmosphere and 1/12° eddy-resolving
ocean model (ORCA12). The AOHT simulated in HRoa2 and VHRoa is shown in Figure 1d with the difference
shown in Figure 14a. In these panels the cyan crosses indicate latitudes for which there is a signiﬁcant differ-
ence between VHRoa and HRoa2 (speciﬁcally, where the model AOHT values do not fall within each other’s
standard deviations). It is clear that, in the case of this model, moving to a climate model with an ocean eddy-
resolving resolution results in another step change improvement in the representation of the AOHT.
However, the latitude band of the most signiﬁcant changes is further south compared to the HRo-LRo and
HRoa-LRoa cases. The VHRoa-HRoa2 difference is greater than 0.1 PW south of 30°N, and the change is sig-
niﬁcant between 10°S and 2°N. There are also signiﬁcant differences at 12°N and between 63°N and 70°N.
The AOHT changes at low latitudes are in the sense to bring the modeled AOHT more in line with observa-
tions, whereas although the signiﬁcant high-latitude changes are just to the north of the hydrographic esti-
mate at 56°N, the changes at 56°N tend to take the model estimates further away from these observations.
A consequence of the most signiﬁcant change in AOHT being further south than in HRoa-LRoa and HRo-LRo
is that the increase in zonally integrated net heat loss to the atmosphere is also further to the south. Whereas
Figure 15. Annual mean VHRoa-HRoa2 SST (°C) difference. Gray and black
contours are one and two standard deviations of HRoa2, respectively.
SST = sea surface temperature.
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for HRoa-LRoa and HRo-LRo, the increased net heat loss mostly occurs
north of 40°N, for VHRoa-HRoa2 the increase in heat loss occurs between
15°N and 58°N except between 40°N and 50°N where ocean heat gain
increases (Figure 14b). Most of the increased heat loss is again associated
with increased latent heat loss (see green line in Figure 14b). The low lati-
tude and southern Atlantic heat gain is associated with decreased latent
heat loss between 25°S and 10°S and 5°N and 12°N, and increased short-
wave ﬂux between 10°S and 4°N (blue line in Figure 14b).
As discussed in Roberts et al. (2016) and Hewitt et al. (2016), the greater
North Atlantic oceanic latent heat release in VHRoa is associated with
improved representation of SSTs. The VHRoa-HRoa2 SST ﬁeld in
Figure 15 shows the higher resolution that leads to higher temperatures
in much of the North Atlantic. Hewitt et al. (2016) noted that SST changes
are linked to a change in the location of the NAC associated with increased
ocean resolution. In addition, here we point out that signiﬁcant increases
in latent heat loss occur to the south of the NAC and that these are
balanced by more heat being transported from the tropics. Figure 16 com-
pares the surface ocean currents in the tropical Atlantic in VHRoa and
HRoa2. It is evident that the mean VHRoa current speed is much stronger
in the predominantly northward boundary currents such as the North
Brazil Current. The stronger mean currents afforded by the eddy-resolving
ocean would partially facilitate the stronger AOHT and North Atlantic heat
loss. However, this is also promoted by a stronger inﬂux of shortwave
radiation (Figure 16c) and higher SSTs (Figure 15) in the western tropical
Atlantic. This is consistent with the analysis of the same models by
Roberts et al. (2016). They found that the difference in AOHT between
eddy-permitting and eddy-resolving resolutions was mainly due to the
change in mean temperatures and currents as opposed to the time-
varying component.
Summarizing the case of VHRoa-HRoa2, we note that the changes ﬁt the
pattern of HRoa-LRoa and HRo-LRo in that the northward ocean heat transport increases signiﬁcantly and
that this is balanced by increased ocean heat loss to the north and heat gain to the south. A further similarity
is that the increased northern heat loss is facilitated by elevated SSTs enhancing latent heat loss. A key differ-
ence is that in moving to the eddy-resolving ocean these changes occur further south. The implication of this
from our analysis and the work of Roberts et al. (2016) is that for this change in model resolution, this is where
the greater changes in the mean ocean circulation occur.
5. Conclusions
In conclusion, the results for the three models considered in our main analysis reveal that the resolution
of the ocean component is the key factor for increasing the ocean heat transfer in the Atlantic. In
Experiment 1, the increase in ocean resolution from 1° (non eddy resolving) to 1/4° (eddy resolving) strength-
ens AOHT, bringing about 30% more heat to the mid-high latitude North Atlantic. In turn this increases the
mid-high-latitude SST and latent heat loss. In contrast, increasing the resolution of the atmospheric compo-
nent in Experiment 2 from 130 to 25 km in Experiment 2 has little, if any, impact on the strength of the heat
transport. It does lead to strong regional changes in the shortwave input to the ocean as a result of decreas-
ing cloud cover, but these are locally balanced by increased latent heat loss. Consequently the AOHT does not
change signiﬁcantly. When the resolution of both components is increased in Experiment 3, the changes in
the ocean circulation dominate and the AOHT increase is similar to that found when only the ocean resolu-
tion changes (Experiment 1). Although we have only been able to explore comparisons between three mod-
els at length, and we note the caveat that the length of the high-resolution simulations, in particular, means
that the inﬂuence of model drift cannot be completely removed, we present this as a paradigm for under-
standing resolution-dependent changes in ocean heat transport across a broad spectrum of coupled models.
Figure 16. Equatorial tropical Atlantic surface current speed in (a) HRoa2 and
(b) VHRoa (unit: m/s). (c) VHRoa-HRoa2 shortwave ﬂux (W/m2). Gray and
black contours are one and two standard deviations of HRoa2, respectively.
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The model values of AOHT have here been evaluated against a limited number of individual direct hydro-
graphic estimates. In addition to this, since 2004, the RAPID array at 26°N, designed for continuously obser-
ving the strength of the AMOC, has also been used to estimate the northward ocean heat transport (Johns
et al., 2011) as 1.3 (±0.4) PW. A beneﬁt of the RAPID array is that it is near the latitude of maximum northward
transport. Based on this measure at the most observed latitude, the increase in AOHT associated with the
change from non eddy-resolving to eddy-resolving ocean brings the AOHT more in line with observations.
It is expected that the new OSNAP array at 52–60°N (see Lozier et al., 2017), together with the RAPID array,
will provide robust estimates of the North Atlantic heat transport convergence between these latitudes
against which to evaluate future climate models.
Finally, a preliminary examination of HadGEM3 2.1, comparing models with oceans at 1/4° and 1/12° resolu-
tions, suggests that the framework for understanding resolution changes may hold as climate models move
toward resolutions which may be more typical for future exercises such as CMIP7. In particular, the ﬁner reso-
lution produces a further signiﬁcant rise in AOHT, likely due to strengthening currents, and is accompanied by
a compensating increased net ocean heat gain (from the atmosphere) to the south and increased heat loss to
the north.
In general, this research has revealed that as climate models increase their resolution, both from 1° to 1/4°
and from 1/4° to 1/12°, the AOHT increases signiﬁcantly. These changes bring the models into greater agree-
ment with existing observational estimates in the equatorial and subtropical regions. In subpolar regions, the
increase moves the AOHT estimates further away from the observations although the full signiﬁcance of this
will only become clear once reliable continuous measurements are available from OSNAP. A potential impli-
cation is that model ocean heat transport divergence or heat loss to the atmosphere in the midlatitude North
Atlantic remains too weak in the climate models. Further research on this issue is timely as the estimates of
AOHT from RAPID and OSNAP, combined with Argo proﬁling ﬂoat measurements, should enablemore robust
estimates of midlatitude heat transport divergence in the near future.
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